We examine the relationship between galaxies, supermassive black holes and AGN using a sample of 23 000 narrow-emission-line ('type 2') active galactic nuclei (AGN) drawn from a sample of 123 000 galaxies from the Sloan Digital Sky Survey. We have studied how AGN host properties compare with those of normal galaxies and how they depend on the luminosity of the active nucleus. We find that AGN reside in massive galaxies and have distributions of sizes and concentrations that are similar to those of the early-type galaxies in our sample. The host galaxies of low-luminosity AGN have stellar populations similar to normal early types. The hosts of highluminosity AGN have much younger mean stellar ages, and a significant fraction have experienced recent starbursts. High-luminosity AGN are also found in lower-density environments. We then use the stellar velocity dispersions of the AGN hosts to estimate black hole masses and their [OIII]λ5007 emission-line luminosities to estimate black hole accretion rates. We find that the volume averaged ratio of star formation to black hole accretion is ∼1000 for the bulge-dominated galaxies in our sample. This is remarkably similar to the observed ratio of stellar mass to black hole mass in nearby bulges. Most of the present-day black hole growth is occurring in black holes with masses less than 3 × 10 7 M . Our estimated accretion rates imply that low-mass black holes are growing on a time-scale that is comparable with the age of the Universe. Around 50% this growth takes place in AGN that are radiating within a factor of five of the Eddington luminosity. Such systems are rare, making up only 0.2% of the lowmass black hole population at the present day. The remaining growth occurs in lower luminosity AGN. The growth time-scale increases by more than an order of magnitude for the most massive black holes in our sample. We conclude that the evolution of the AGN luminosity function documented in recent optical and X-ray surveys is driven by a decrease in the characteristic mass scale of actively accreting black holes.
Introduction
Over the past few years there have been remarkable developments in our understanding of active galactic nuclei (AGN) and their role in galaxy formation and evolution.
One contribution of 13 to a Discussion Meeting 'The impact of active galaxies on the Universe at large '. to global than to nuclear spectra. At the median redshift, the spectra cover the restframe wavelength range from ∼3500-8500Å with a spectral resolution R ∼ 2000 (σ instr ∼ 65 km s −1 ). They are spectrophotometrically calibrated through observations of F stars in each 3
• field (Tremonti et al . 2005) . By design, the spectra are well suited to the determination of the principal properties of the stars and ionized gas in galaxies. The absorption line indicators (primarily the 4000Å break strength and the Hδ A index) and the emission-line fluxes analysed here are calculated using a special-purpose code described in detail in Tremonti et al . (2005) .
The rich stellar absorption-line spectrum of a typical SDSS galaxy provides unique information about its stellar content and dynamics. However, it makes the measurement of weak nebular emission lines quite difficult. To deal with this, we have performed a careful subtraction of the stellar absorption-line spectrum before measuring the nebular emission lines. This is accomplished by fitting the emission-line-free regions of the spectrum with a model galaxy spectrum computed using the new population synthesis code of Bruzual & Charlot (2003 , which incorporates a high-resolution (3Å full-width-half-maximum) stellar library.
We have used the amplitude of the 4000Å break (the narrow version of the index defined in Balogh et al . (1999) ) and the strength of the Hδ absorption line (the Lick Hδ A index of Worthey & Ottaviani (1997) ) as diagnostics of the stellar populations of the host galaxies. Both indices are corrected for the observed contributions of the emission lines in their bandpasses. Using a library of 32 000 model star-formation histories, we have used the measured D n (4000) and Hδ A indices to obtain a maximum likelihood estimate of the z-band mass-to-light ratio for each galaxy. By comparing the colour predicted by the best-fit model with the observed colour of the galaxy, we also estimate the attenuation of the starlight due to dust. The reader is referred to Kauffmann et al . (2003a) for more details.
The SDSS imaging data provide the basic structural parameters that are used in this analysis. We use the z-band as our fiducial filter because it is the least sensitive to the effects of dust attenuation. The z-band absolute magnitude, combined with our estimated values of the mass-to-light ratio and dust attenuation A z yield the stellar mass (M * ). The half-light radius in the z-band and the stellar mass yield the effective stellar surface mass-density,
As a proxy for Hubble type we use the SDSS 'concentration' parameter C, which is defined as the ratio of the radii enclosing 90% and 50% of the galaxy light in the r band (see Stoughton et al . 2002) . Strateva et al . (2001) find that galaxies with C > 2.6 are mostly early-type galaxies, whereas spirals and irregulars have 2.0 < C < 2.6.
Bimodality in the physical properties of galaxies
Before we discuss the properties of the galaxies that host AGN, it is useful to review the observed relations between 'normal' galaxies in the local Universe. It is now more than 75 years since Hubble introduced his now standard classification scheme for galaxies (Hubble 1926) . Hubble realized very early on that galaxies exhibit striking regularity in their properties. In the simplest form, Hubble's scheme recognizes three basic galaxy types: ellipticals, spirals and irregulars. These can be arranged in a linear sequence, along which many properties vary coherently.
The advent of large redshift surveys of galaxies has enabled us not only to study the correlations between different galaxy properties, but also to quantify the distribution of galaxies in a multi-dimensional space of physical parameters. It has become clear that the galaxy population is strongly bimodal. This is seen in the distribution of galaxies as a function of colour; Strateva et al . (2001) and Blanton et al . (2003b) show that the colour distribution of galaxies has two pronounced peaks. The clustering properties of galaxies that fall into these two peaks are also very different. Red galaxies are more strongly clustered than blue galaxies, and their two-point correlation function is significantly steeper on small scales (Zehavi et al . 2002; Madgwick et al . 2003) .
In Kauffmann et al . (2003b) , we studied the relations between the stellar masses, sizes, internal structure and star-formation histories of galaxies. We showed that the galaxy population as a whole divides into two distinct 'families'. Below a characteristic stellar mass of ∼3 × 10 10 M , galaxies have low surface densities and concentrations typical of disc systems. The median surface mass density of low-mass galaxies scales with mass as µ * ∝ M 0.63 * . At larger masses, the scaling of µ * with M * becomes weaker and µ * eventually saturates at a value of around 10 9 M kpc −2 (figure 1). We also presented the conditional density distributions of two stellar age indicators, the 4000Å break strength D n (4000) and the Hδ A index as functions of stellar mass, stellar surface density and concentration. Faint low-mass galaxies with low concentrations and surface mass densities have young stellar populations, ongoing star formation and blue colours. Bright galaxies with high stellar masses, high concentrations and high surface densities have old stellar populations, little ongoing star formation and red colours. A transition from 'young' to 'old' takes place at a characteristic stellar mass of 3 × 10 10 M , a stellar surface density of 3 × 10
and a concentration index of 2.6 (figure 2).
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Identifying and classifying AGN in the SDSS
According to the standard 'unified' model (e.g. Antonucci 1993), AGN can be broadly classified into two categories, depending on whether the central black hole and its associated continuum and broad emission-line region is viewed directly (a 'type-1' active galactic nucleus) or is obscured by a dusty circumnuclear medium (a 'type-2' AGN). In type-1 AGN the optical continuum is dominated by non-thermal emission, making it a challenge to study the host galaxy and its stellar population. We have therefore excluded the type-1 AGN from our initial sample. Baldwin et al . (1981) (hereafter BPT) demonstrated that it was possible to distinguish type-2 AGN from normal star-forming galaxies by considering the intensity ratios of two pairs of relatively strong emission lines, and this technique was refined by Veilleux & Osterbrock (1987) . It has become standard practice to classify objects according to their position on the so-called BPT diagrams. Figure 3 shows an example of such a diagram for all the emission-line galaxies in our sample. We have plotted the ratio [OIII]λ5007/Hβ versus the ratio [NII]λ6583/Hα for all galaxies where all four lines were detected with signal-to-noise ratio greater than 3. Figure 3 shows that there are two well-separated sequences of emission-line galaxies. Based on these data, we have chosen to define the demarcation between starburst A contribution to the emission-line spectrum by both star-formation and an AGN is almost inevitable in many of the SDSS galaxies, given the relatively large projected aperture size of the fibres (5.5 kpc diameter at z = 0.1). This is much larger than the ∼200 pc apertures used in the survey of nearby galaxy nuclei by Ho et al . (1997) . It is therefore not surprising that the majority of AGN in our sample falls into the 'transition' class, and has line ratios intermediate between those of star-forming galaxies and those of LINERs or Seyferts.
We therefore prefer an AGN classification system that is less sensitive to aperture, while still reflecting the difference in intrinsic nuclear luminosity between Seyfert Figure 4 . The surface mass density distributions of the host galaxies of weak AGN (solid histogram) and of strong AGN (grey histogram) are compared with those of early-type (C > 2.6) galaxies (solid curve) and late-type (C < 2.6) galaxies (grey curve) for (a) 10 < log M * < 10.4; (b) 10.4 < log M * < 10.8; (c) 10.8 < log M * < 11.2; (d) 11.2 < log M * < 11.6. The percentage of galaxies in these mass ranges which are early-type is: (a) 19.5%; (b) 36.7%; (c) 55.7%; (d) 76.5%.
galaxies and LINERs. In our analysis, we focus on the luminosity of the [OIII]λ5007 line as a tracer of AGN activity. (Note that we correct the [OIII] luminosity for extinction using the Balmer decrement.) Although this line can be excited by massive stars as well as an AGN, it is known to be relatively weak in metal-rich, star-forming galaxies. The virtue of classifying galaxies by [OIII] luminosity is that this then allows us to study the large number of transition galaxies with spectra intermediate between pure star-forming systems and pure LINERs/Seyferts. We stress that any attempt to characterize the stellar population in AGN hosts must include the transition objects that comprise the majority of the AGN in figure 3. Excluding these would bias the sample against host galaxies with significant amounts of ongoing star-formation.
The masses and structural properties of AGN host galaxies (a) AGN are predominantly in massive galaxies
The AGN in our sample are drawn from an r-band-limited spectroscopic survey of galaxies. Galaxies of different luminosities can be seen to different distances before dropping out due to the selection limits of the survey. The volume V max within which a galaxy can be seen and will be included in the sample increases with the distance limit cubed, which results in the samples being dominated by intrinsically bright galaxies. In our work, we correct for this effect by giving each galaxy or AGN a weight equal to the inverse of its maximum visibility volume determined from the apparent magnitude limit of the survey. Our sample of emission-line galaxies includes 55 747 objects where the four emission lines, Hα, [NII] , [OIII] and Hβ, are all detected with S/N > 3. In total, 40% of these galaxies are classified as AGN, but this number is strongly dependent on host mass and, to a lesser extent, on morphological type. As can be seen, AGN are preferentially found in more massive and more concentrated galaxies. The dependence of AGN fraction on mass is very striking. Even though 70-80% of galaxies with stellar masses less than 10 10 M have detectable emission lines, only a few per cent are classified as AGN. In contrast, more than 80% of emission-line galaxies with M * > 10 11 M are AGN. It should be noted that AGN detection rates are subject to strong selection effects. Ho et al . (1997) find that 43% of the galaxies in their survey can be regarded as active and nearly all their galaxies have detectable emission lines. In our sample, the nuclear spectrum will be diluted by the light from surrounding host galaxy and our derived AGN fractions in massive galaxies are a strong function of distance. For nearby galaxies, the AGN fraction reaches 50%, a value very similar to the fraction that Ho et al . found for the L * galaxies in their sample. On the other hand, the AGN fraction in low-mass galaxies does not rise above a few per cent, even for nearby galaxies. There are 6586 galaxies in our sample with stellar masses in the range 10 8 -3 × 10 9 M , so this result has high statistical significance. We find that, for [OIII] luminosities greater than 10 7 L , the AGN fraction no longer depends on distance. We will henceforth refer to AGN as 'strong' or 'weak'
7 L as a dividing line. The fraction of strong AGN in galaxies with masses in the range 3 × 10 10 -10 11 M is ∼0.1. There are fewer strong AGN in both lower mass and higher mass galaxies (see Kauffmann et al . 2003c ).
(b) Structural properties resemble those of normal early-type galaxies
Most previous studies of the global morphologies of type-2 AGN hosts have concentrated on the Hubble type. It should be noted that the standard morphological classification scheme defined by Hubble mixes elements that depend on the structure of a galaxy (disc-to-bulge ratio, concentration, surface density) with elements related to its recent star-formation history (dust-lanes, spiral arm strength). Because it is impractical to classify hundreds of thousands of galaxies by eye, studies of galaxy morphology in the SDSS have focused on simple structural parameters that can be measured automatically for very large numbers of objects. In § 2, we defined two such parameters: the concentration index C and the stellar surface mass density µ * .
In figure 4 , we compare the surface mass density distributions of AGN hosts with those of ordinary early-type and late-type galaxies. We show results for four different ranges in log M * . We have separated early-type galaxies from late-types at a C index of 2.6. As shown in figure 2, this is where there is a pronounced 'jump' from a population of galaxies with predominantly young stellar populations to a population with mainly old stars. Figure 4 shows that the surface density distributions of AGN host galaxies strongly resemble those of early-type galaxies of the same stellar mass.
The AGN-starburst connection (a) Diagnostics of young stars
For young massive stars, the strongest spectral features with the greatest diagnostic power lie in the vacuum ultraviolet (UV) regime between the Lyman break and ∼2000Å (e.g. de Mello et al . 2000) . These include the strong stellar wind lines of the OVI, NV, SiIV and CIV resonance transitions and a host of weaker stellar photospheric lines. Most of the photospheric lines arise from highly excited states and their stellar origin is unambiguous. While resonance absorption lines may have an interstellar origin, the characteristic widths of the stellar wind profiles make them robust indicators of the presence of massive stars. Unfortunately, observations in this spectral regime are difficult. Only a handful of local type-2 Seyferts and LINERs have nuclear UV fluxes that are high enough to enable a spectroscopic investigation. While this small sample may not be representative, the available data firmly establish the presence of a dominant population of young stars (Heckman et al . 1997; González Delgado et al . 1998; Maoz et al . 1998; Colina & Arribas 1999) .
While the optical spectral window is far more accessible, the available diagnostic features of massive stars are weaker and less easy to interpret. Old stars are cool and have many strong spectral features in the optical due to molecules and low-ionization metallic species. Hot young stars have relatively featureless optical spectra. Thus, the spectroscopic impact of the presence of young stars is mostly an indirect one: as they contribute an increasing fraction of the light (as the luminosity-weighted mean stellar age decreases) most of the strongest spectral features in the optical weaken. This effect is easy to measure. Unfortunately, the effect of adding 'featureless' nonstellar continuum from an AGN and young starlight will be similar in this regard.
The strongest optical absorption lines from young stars are the Balmer lines. These reach peak strength in early A-type stars, and so they are most sensitive to a stellar population with an age of ∼100 Myr to 1 Gyr (e.g. González Delgado et al . 1998 ). Thus, the Balmer lines do not uniquely trace the youngest stellar population. On the plus side, they can be used to characterize past bursts of star formation (e.g. Dressler & Gunn 1983; Kauffmann et al . 2003a ).
In the near-infrared (near-IR), red supergiants will contribute significantly to the light from young stellar populations. The spectral features produced by red supergiants are qualitatively similar to those produced by red giants that dominate the near-IR light in an old stellar population. A robust method to determine whether old giants or young supergiants dominate is to measure the M/L ratio in the near-IR using the stellar velocity dispersion. So far this technique has been applied to only a small sample, but the results are tantalizing (Oliva et al . 1999; Schinnerer et al . 2003) . Another way of diagnosing the presence of young stars is to make use of spectral information in both the optical and the near-IR. In an old stellar population, cool stars dominate and so the associated metallic and molecular spectral features are strong in both bands. In contrast, the optical (near-IR) continuum in a young stellar population will be dominated by hot main-sequence stars (cool supergiants). The metallic/molecular lines are therefore weak in the optical and strong in the near-IR. This combination of properties provided some of the first direct evidence for a young stellar population in AGN (Terlevich et al . 1990; Nelson & Whittle 1999) .
(b) Young stars in AGN: background
Spectroscopy of the nearest AGN affords the opportunity to study the starburst-AGN connection on small physical scales (more than a few parsecs). The drawback is that the nearest AGN have low luminosities, and we might expect that the amount of star formation associated with black-hole fuelling would scale in some way with AGN power. To get a complete picture it is thus important to examine both the nearest AGN and more powerful AGN.
The earliest investigation of the stellar population for a moderately large sample of the nearest AGN was by Heckman (1980a, b) , who discussed 30 LINERs found in a survey of a sample of 90 optically bright galaxies. The typical projected radius of the spectroscopic aperture was ∼200 pc. The spectra covered the range from 3500 to 5300Å. LINERs were primarily found in galaxies of early Hubble type (E-Sb). Based on the strengths of the stellar metallic lines and the Balmer lines, the nuclear continuum was dominated by old stars in about three-quarters of the LINERs, while a contribution of younger stars was clearly present in the remainder. Typical luminosities of the [OIII]λ5007 and Hα narrow-line region (NLR) emission lines were ∼10 5 -10 6 L . Ho et al . (2003) recently examined the nuclear (typical radius ∼ 10 2 pc) stellar population in a complete sample of ∼500 bright, nearby galaxies (of which 43% contain an AGN). The larger sample size and improved treatment of the emission lines allowed Ho et al . to study statistically significant samples of low-luminosity LINERs, type-2 Seyferts, and transition nuclei, and to span a larger range in AGN luminosity (L Hα ∼ 10 4 -10 7 L ). The disadvantage of these spectra is that they did not extend shortward of 4230Å and so they missed the Hδ and higher-order Balmer lines that most effectively probe young stars. Nevertheless, their results are qualitatively consistent with Heckman (1980a, b) . Cid Fernandes et al . (2004) have analysed the near-UV spectra of 51 low-luminosity AGN from the Ho et al . (2003) sample. The found that strong Balmer absorption lines are present in about half of the transition nuclei but in only about 10% of the LINERs. A similar result was obtained by González for 28 AGN from the same sample, but using HST to probe the stellar population within radii of tens of paresecs from the black hole. These results are consistent with the idea that in the transition nuclei both young stars and an AGN contribute to the ionization of the emission-line gas.
It was recognized very early on (e.g. Koski 1978) that the optical spectra of powerful type-2 Seyfert nuclei could not be explained purely by an old stellar population. An additional 'featureless continuum' that typically produced 10-50% of the optical continuum was present. Until relatively recently it was tacitly assumed that this component was light from the AGN (plausibly light from the hidden type-1 Seyfert nucleus that had been reflected into our line of sight by free electrons and/or dust). However, a detailed spectropolarimetric investigation by Tran (1995) and related arguments by Cid Fernandes & Terlevich (1995) and Heckman et al . (1995) showed that young stars were the principal contributors. These results have been confirmed by several major optical spectroscopic investigations of moderately large samples of type-2 Seyfert nuclei González Delgado et al . 2001; Cid Fernandes et al . 2001; Joguet et al . 2001) . The principal conclusion is that a young (less than 1 Gyr) stellar population is clearly present in about half of the Seyfert-2 nuclei. Cid Fernandes et al . (2001) found that the fraction of nuclei with young stars is ∼60% when L[OIII] > 10 7 L . They also found that the 'young' Seyfert-2 nuclei were hosted by galaxies with much larger far-IR luminosities than the 'old' nuclei, suggesting that the global star-formation rate was higher.
(c) Results from SDSS
One of the great advantages of studying the properties of AGN in the SDSS is that one can compare the results for AGN hosts with those derived for 'normal' galaxies in a very precise way. In figure 4 , we showed that AGN occupy host galaxies with structural properties similar to ordinary early-type galaxies. The properties of the stellar populations of normal galaxies are known to correlate strongly with morphological type. Early-type galaxies have old stellar populations and very little gas and dust, whereas there is usually plenty of ongoing star formation in late-type galaxies. In figure 5 , we compare the D n (4000) distributions of AGN hosts with 'normal' early-type (C > 2.6) and late-type (C < 2.6) galaxies. This plot reaches a rather different conclusion to figure 4: the D n (4000) distributions of weak AGN resemble those of early-type galaxies, but that strong AGN have stellar ages similar to those of late-type galaxies. One interpretation of these results is that powerful AGN reside in early-type galaxies that are undergoing or have recently undergone a transient star-forming event (starburst). The magnitude of this event might plausibly scale with AGN luminosity, so that its effects on the stellar population and structural parameters are most pronounced in the hosts of strong AGN. If this hypothesis is correct, then we ought to see evidence that the star-formation time-scales in high luminosity AGN are short. Strong Hδ absorption arises in galaxies that experienced a burst of star formation that ended 0.1-1 Gyr ago. As discussed in Kauffmann et al . (2003a) , the location of galaxies in the D n (4000)/Hδ A plane is a powerful diagnostic of whether they have been forming stars continuously or in bursts over the past 1-2 Gyr. Galaxies with continuous star-formation histories occupy a very narrow strip in this plane. A recent burst is required in order to obtain significant displacement away from this locus. In figure 6 we plot the fraction F of AGN with Hδ A values that are displaced by more than 3σ above the locus of continuous models as a function of [OIII] luminosity. This fraction increases from several per cent for the weakest AGN to nearly one-quarter for the strongest. The corresponding value of F for the sample of normal massive galaxies is only 0.07. For normal massive galaxies with 'young' stellar populations (D n (4000) < 1.6), F = 0.12.
As discussed above, most previous studies of the stellar populations of type-2 AGN hosts have focused on the nuclear regions of the host galaxies. We obtain qualitatively similar trends in mean stellar age as a function of AGN luminosity to these previous studies, but we find that a higher fraction of AGN with [OIII] luminosities greater than 10 7 L contain young stellar populations. One might thus speculate that there might be systematic radial gradients in the stellar populations of the host galaxies of these systems. We have tested this by splitting our sample into different bins in normalized distance z/z max . We then find that there are rather strong radial gradients in mean stellar age and that the youngest stars appear to be located well outside the nuclei of the host galaxies.
Towards a physical interpretation
In the previous section, we showed that there is a strong correlation between agesensitive stellar absorption indices and AGN luminosity. Only AGN with the weakest [OIII] emission have stellar ages in the range that is normal for early-type galaxies (D n (4000) > 1.7 and Hδ A < 1) (figure 7). Our results are tantalizing in that they show that AGN activity and star formation are closely linked in galaxies. In this section we attempt to take our analysis one step further and study the relation between star formation and accretion onto black holes in a more quantitative way.
In order to do this, we need to be able to transform from observed quantities such as 4000Å break strength, galaxy mass or velocity dispersion and [OIII] luminosity to physical quantities, such as star-formation rate, black hole mass and black hole accretion rate. We have made the following assumptions. (2003) and Kauffmann et al . (2003c) to derive an average ratio L 5000 /L O3 ∼ 320 (where L 5000 is the monochromatic continuum luminosity λP λ at 5000Å rest frame). We obtain a very similar result using a lower redshift sample of type-1 Seyfert nuclei ( z ∼ 0.03) compiled by Dahari & de Robertis (1988) . The mean type-1 AGN spectral energy distribution in Marconi et al . (2004) then yields corresponding bolometric corrections L bol /L O3 ∼ 3500.
(ii) We have calculated black hole accretion rates for an assumed radiative efficiency of 10%.
(iii) We have used the stellar velocity dispersion measured within the central (typically ∼3-10 kpc) region to estimate the black hole mass, using the M BH -σ relation of Tremaine et al . (2002) . We only derive black hole masses for bulgedominated galaxies with µ * > 3 × 10 8 M kpc −2 . (iv) We have used the methodology described in Brinchmann et al . (2004) to derive star-formation rates for the galaxies and AGN in our sample. In the region sampled by the spectroscopic fibre, star-formation rates for non-AGN are estimated using extinction-corrected Balmer emission lines. Star-formation rates for AGN are derived using the tight correlation between D n (4000) and specific star-formation rate SFR /M * that is observed for normal galaxies. The correction from SFR inside the fibre to total star-formation rates is made using the g − r and r − i colours of the galaxies in the region outside the fibre. We remind reader that the projected fibre diameter ranges from a few kiloparsec to 10 kpc and typically encloses 20-50% of the light.
(v) We have considered only type-2 (narrow line) AGN in which the intense radiation from the central accretion disc is completely obscured along our line of sight. The effect of the missing type-1 AGN is relatively small (factor of ∼2) for our overall global assessments.
(a) Which black holes are growing?
Because powerful AGN are rare and the time-scale over which black holes accrete most of their mass is likely to be considerably shorter than the time-scale over which the surrounding galaxy forms its stars, it is more meaningful to work with volumeaveraged quantities than to present results for individual AGN.
In figure 8 we plot the ratio of the integrated L O3 in AGN to the integrated black hole mass as a function of log M BH . This figure shows that most of the present-day accretion is occurring onto black holes with M BH 2 × 10 7 M . Above this mass, 
(a) ( b) Figure 9 . (a) The fraction of black holes that are accreting above a given rate. Solid, short-dashed, long-dashed, short dash-dotted, long dash-dotted and dotted curves are for black holes with 3 × 10 6 , 10 7 , 3 × 10 7 , 10 8 , 3 × 10 8 and 10 9 M , respectively. (b) The fraction of the accreted mass contributed by AGN accreting above a given rate. The solid curve is for black holes with MBH < 3 × 10 7 M and the dashed curve is for black holes with masses above this value.
the integrated L O3 per unit M BH drops dramatically. If we convert L O3 into a mass accretion rate using the relations described above, we find that low-mass black holes ( 2 × 10 7 M ) have a growth time of ∼20-30 Gyr, or around 2-3 times the age of the Universe. For more massive black holes (greater than 10 8 M ), the growth timescales quickly increase to orders of magnitude larger than the Hubble time. This indicates that massive black holes must have formed at significantly higher redshifts as they are currently experiencing very little additional growth.
As well as looking at the integrated accretion onto black holes of given mass, it is also interesting to study the distribution of accretion rates in these systems. This is shown in figure 9 . We normalize the accretion rate by dividing by the Eddington rate for each object. Figure 9a shows the cumulative fraction of black holes that are accreting above a given rate. Results are shown for different ranges in black hole mass, with mass increasing from the solid curve on the right (3 × 10 6 M ) to the dotted curve on the left (10 9 M ) by a factor of three in each case. Figure 9 shows that the accretion rate functions cut off fairly neatly aṫ
This gives us confidence that our conversions from L O3 to accretion rate and from σ to black hole mass are yielding reasonable answers. There are more low-mass black holes than high-mass black holes with large accretion rates near the Eddington limit. Roughly 0.5% of black holes with M BH < 3 × 10 7 M are accreting above one-tenth of the Eddington limit. For black holes with M BH ∼ 3 × 10 8 M , the fraction accreting above one-tenth Eddington has dropped to 10 −4 . Figure 9b shows the cumulative fraction of the accreted mass as a function oḟ M BH /Ṁ E . Results are shown for low-mass black holes with M BH < 3 × 10 7 M (solid lines) and for high-mass black holes with M BH > 3 × 10 7 M (dashed lines). As can be seen, most of the black hole growth is occurring in the most luminous AGN. For low-mass black holes, 50% of the growth occurs in AGN that are within a factor of five of the Eddington luminosity. For high-mass black holes, half of the present-day growth occurs in AGN that are radiating above ∼8% Eddington. Yu & Tremaine (2002) have shown that the mass density in black holes estimated from integrating the luminosity function of quasars over all cosmic epochs agrees rather well with the total mass density in black holes in galaxies at the present day. Their analysis does not include low-luminosity or type-2 AGN and it has thus been something of a puzzle why these two estimates of black hole mass density should agree so well. Our analysis demonstrates that although low-luminosity AGN are numerous, their contribution to the growth of black holes is not dominant.
(b) Where are black holes growing?
In figure 10 , we plot the fraction of the integrated L O3 luminosity from AGN as a function of stellar mass M * , stellar surface mass density µ * , concentration index C and 4000Å break strength D n (4000). Figure 10 shows that most of the present-day accretion is taking place in galaxies with young stellar ages (D n (4000)< 1.6), intermediate stellar masses (10 10 to ∼2 × 10 11 M ), high surface mass densities (3 × 10 8 -3 × 10 9 M kpc −2 ), and intermediate concentrations (C ∼ 2.6). It is quite remarkable that the L O3 emission peaks just beyond the transition values of M * , C and µ * where galaxies appear to undergo a rapid change from young, star-forming and disc-dominated to old, quiescent and bulge-dominated (see figures 1 and 2).
(c) Bulge building: the relation between star formation and accretion onto black holes
We have shown that low-mass black holes are currently 'forming' on a time-scale that is comparable with the age of the Universe. If the very tight relation between black hole mass and bulge mass is to be understood, it follows that the host bulges of these systems must also be 'forming' at a comparable rate.
In figure 11 , we plot the ratio of the volume-averaged star-formation rate in galaxies to the volume-averaged accretion rate onto black holes traced by L O3 in AGN. The thick black line shows what is obtained if one only considers the SFR inside the SDSS fibre aperture. The thin black line shows the result using our estimates of total SFR. We have chosen to plot SFR /Ṁ BH as a function of black hole mass M BH and surface mass density µ * . From figure 11 it is clear that black hole growth is closely linked to star formation in the bulge. At low values of µ * characteristic of disc-dominated galaxies, the ratio of SFR /Ṁ BH rises steeply. This is because very few of these galaxies host AGN, but there is plenty of star formation taking place in galaxy discs. At values of µ * above 3 × 10 8 M * kpc −2 , SFR /Ṁ BH remains roughly constant. Moreover, it has a value ∼1000, which is in excellent agreement with the empirically derived relation between black hole mass and bulge mass (Marconi & Hunt 2003) . Given the uncertainties in the bolometric correction, in the conversion from L bol to black hole accretion rate and in the estimate of SFR in our AGN, we find it remarkable that SFR /Ṁ BH comes out within a factor of a few of the value that is expected from the M BH -M bulge relation.
Discussion
Our results demonstrate that the volume-averaged growth of black holes through accretion and the volume-averaged growth of galaxy bulges through star formation Figure 11 . The ratio of the volume-averaged star-formation rate in galaxies to the volume averaged accretion rate onto black holes in AGN is plotted as a function of (a) log MBH and (b) log µ * . The thick black line shows the result if SFR is calculated within the fibre aperture for each galaxy and the thin black line shows the result using estimates of total SFR.
remain coupled at the present time. It is therefore likely that the processes that established the tight correlation between bulge mass and black hole mass in presentday galaxies are still operating in low-redshift AGN.
We have also demonstrated that the growth time of low-mass black holes (less than 3 × 10 7 M ) derived from the ratio of the mass density in black holes to the present-day black hole accretion rate is short (several Hubble times). By contrast, massive black holes have very long growth times. On average, they are accreting at a rate that is several orders of magnitude lower than their past averaged rate. This population evidently formed early on and has evolved little since then. Our results thus lead to a picture in which both star formation and black hole growth in galaxies has been steadily moving to lower and lower mass scales since a redshift of ∼2. Deep surveys that probe the evolution of the AGN and galaxy populations (Cowie et al . 1996; Ueda et al . 2003; Steffen et al . 2003) have provided direct evidence for this process, which was first dubbed 'cosmic downsizing' by Cowie et al . With the superb statistics provided by the SDSS we have been able to document the consequences of downsizing at the present epoch.
It is particularly intriguing that the majority of black hole growth is occurring in galaxies lying just above the values of galaxy mass, density and concentration, where the galaxy population abruptly changes from low-density, disc-dominated systems with ample ongoing star formation to dense, bulge-dominated systems with little ongoing star formation. This may imply that AGN today occur in a in a narrow 'habitable zone' with a precipice to the low-mass side (no black holes) and an oncoming famine at higher masses (no cold interstellar gas for fuel). Kauffmann et al . (2004) have speculated that the observed trends in galaxy properties as a function of density can help us understand how galaxies evolve as a function of cosmic time. According to the standard cosmological paradigm, structure in the present-day Universe formed through a process of hierarchical clustering, with small structures merging to form progressively larger ones. The theory predicts that density fluctuations on galaxy scales collapsed earlier in regions that are currently overdense. Galaxies in high-density regions of the Universe such as galaxy clusters are thus more 'evolved' than galaxies in low-density regions or voids. Figure 12 shows an example of a rich system of galaxy groups at z = 0.05 as surveyed by the Sloan Digital Sky Survey. We have placed the origin of our x-and y-axes at the centre of the largest group in the field, which has a velocity dispersion of ∼500 km s −1 . We plot a 'slice' that includes all galaxies with cz within 500 km s −1 of the brightest galaxy in the group. The structures shown in figure 12 occupy a relatively thin sheet that is aligned perpendicular to the line of sight. As can be seen, the densest structures in the sheet appear to be arranged along filaments that extend over scales of several tens of megaparsecs. Figure 12a shows the distribution of all the galaxies in the slice with spectroscopic redshifts. In figure 12b we have colour-coded galaxies with 10 10 M < M * < 3 × 10 10 M according to their measured 4000Å break strengths. Red indicates galaxies with D n (4000) > 1.8, green is for galaxies with 1.6 < D n (4000) < 1.8, and blue is for galaxies with D n (4000) < 1.6. As can be seen, the mean stellar ages of galaxies are very strongly correlated with local density. In figure 12c we have colour-coded galaxies with detected AGN according to their measured [OIII] line luminosities. The qualitative picture is very similar. AGN with high values of L [OIII] are found predominantly in low-density regions, while low-luminosity AGN are also found in denser groups. Note that no AGN are found near the very centre of the most massive group in the field.
These results again suggest that the cosmic evolution of star formation and of AGN activity in the Universe are inextricably linked. What remains to be understood is whether the AGN are responsible for active star formation passing from massive galaxies at high redshifts to low-mass galaxies at the present day, or whether AGN have simply responded to changes in their host galaxies and have no ultimate control over their evolution. G. Kauffmann. The Chandra and XMM-Newton fields are very small so the overlap region with the SDSS is not large enough to obtain a statistically interesting sample of AGN. Together with Ann Hornschemeier at Johns Hopkins University we did search through whole Chandra archive and only recovered a handful of sources in common.
A. Cattaneo (L'Institut d'Astrophysique de Paris, France). Dunlop et al . (2003) looked at the stellar populations of bright low-redshift quasars and found that they were very old. Could the apparent discrepancy between their finding and yours be due to the possibility that the light from young stars in their galaxies is concentrated in nuclear starbursts and is therefore attributed to the AGN? G. Kauffmann. We have analysed a sample of type-I AGN (Seyferts and quasars) that are matched in [OIII] luminosity to the type-II AGN in our sample. We have demonstrated that at fixed [OIII] luminosity, once one subtracts off the contribution of the light from the AGN itself, the stellar populations of type-I and type-II AGN are identical. There have also been studies by Jahnke et al . (2004) of Hubble Space Telescope (HST) images of type-I AGN in the GEMS/COMBO-17 survey. They conclude, in agreement with our results, that these systems host a significant population of young stars. We have tried to constrain the spatial distribution of the young stars by looking at trends in spectral properties as a function of redshift in the SDSS survey. We find that young stars are not preferentially found very close to the nucleus; they must be distributed over scales of more than a kiloparsec. All this is described in detail in Kauffmann et al . (2003c) . Paris, France) . Finding young stellar populations in the majority of powerful AGN is not surprising. However, the main parameter would not be the ratio of young star mass to evolved star mass.
B. M. Rocca-Volmerange (CNRS and L'Institut d'Astrophysique de
Indeed, because most evolved stellar populations are associated with the most powerful radio galaxies from the K-z relation (Rocca-Volmerange et al . 2004 ), your result is surprising.
Because young stars are the most luminous (×10 3 ), the young star mass might be a few per cent of the total stellar mass. In that case, we remain with the fact that more powerful AGN are associated with more massive evolved stellar populations.
T. M. Heckman. The young stellar population in the powerful AGN does not dominate the stellar mass. Typically one needs only a few per cent of the stellar mass to be in stars younger than 100 Myr.
F. R. Pearce (School of Physics and Astronomy, University of Nottingham, UK ).
Are AGN unimportant given that we only see them once large galaxies have already been assembled?
T. M. Heckman. We believe that AGN are most important today in moderately massive galaxies like the Milky Way. These galaxies are still growing their bulges and black holes today.
